Demand of electricity is increasing day by day. One major consumer of electricity is residential sector. Smart grid offers demand response management to handle such increasing demand. In home energy management system (HEMS), demand response is implemented using smart meters. In this paper, an algorithm is proposed to optimise the demand in home environment and unease level of user is also cared about at the same time. The proposed algorithm is implemented using multi-objective optimisation framework. It is evident from results that cost of electricity is reduced because of optimal demand and on the other hand, unease level of user is within the acceptable limit.
Introduction
In recent years electric power infrastructure has revolutionised the world. With the advent of electricity, way of living our life changed completely. It became our greatest achievement in 20th century. But as our energy needs are increasing faster than we realised and sources of energy depleting at a similar rate. Our grid is running against its limitation. Cases of blackout are increasing (Farhangi, 2010) . Fortunately, we have a way forward. We can use information technology to overhaul the electric grid. A smart grid will apply technologies, tools and techniques to existing power grid so as to revolutionise the grid system in a way internet has revolutionised our lives.
There are numerous characteristics of smart grid due to which it is capable of handling problems of conventional electric grid (Sinha et al., 2011) . One important characteristic is demand response (DR) management. DR is a very efficient method to reduce demand of power at peak times. It has been successfully implemented in commercial and industrial areas but residential sector still need help to implement it. There is a very good possibility to lessen peak demand using DR in residential sector (F.E.R. Commission, 2006). Home energy management system (HEMS) can be used to control operation of different power generation devices, power consuming devices and power storing devices and thus implement DR. In residential electricity need, largest share is of heating, ventilation and air-conditioning (HVAC). It consumes about 22.3% of total electricity (Chen et al., 2012) . Further, during extreme weather conditions, when multiple HVAC systems run, grid becomes unstable. We can operate HVAC in such a way that we avoid such a large demand at a particular time. That is why, scheduling algorithms are important for working of DR in smart grid.
Varying cost of electricity provides user a reason to choose such systems which help them consume more when it costs less. Some utilities provide electricity at varying price. More are expected to follow suit soon.
There are a number of building blocks of smart grid. Geographic information system (GIS), outage management system (OMS) and enterprise application integration are some of them (US Department of Energy, 2009). To manage electricity in home environment that is, to reduce wastage and improve customer experience, advanced metering infrastructure (AMI) with two way communication and meter data management systems (MDMS) are used (Jain et al., 2014) . AMI allows utilities to collect information about consumption pattern of users in real time and provide customers time-based pricing and thus improves customer experience. AMI is capable of remotely detecting and correcting any problems in transmission.
This paper proposes an algorithm based on multi-objective particle swarm optimisation (MOPSO) which optimises the demand in home environment and at the same time care about unease level of user. Rest of paper is organised as follows. Section 2 presents related work in the direction. Section 3 describes functioning of HEMS. Section 4 presents proposed algorithm. Section 5 presents implementation and analysis. Section 6 concludes.
Related work
This section presents the review of work of different researchers to manage energy consumption in home environment. Amin and Wollenberg (2005) presented framework for power delivery system for 21st century and discussed techniques of making the power system a self-healing network using distributed computer agents. Mohsenian-Rad et al. (2010) present an autonomous and distributed demand-side energy management system using game theory and distributed algorithm. Pipattanasomporn et al. (2009) presented a multi-agent-based system in distributed smart grid. Noh et al. (2011) proposed a method to efficiently manage energy consumed by HVAC system. In this system, temperature is adjusted in a way to minimise electricity cost while keeping temperature in a comfortable range. Arabali et al. (2013) used stochastic models renewable energy generation like solar and wind for matching it with the HVAC load. Purpose of exercise is to increase efficiency and reduce cost. GA-based optimisation approach is used. Aswani et al. (2012) built a platform to study temperature dynamics of room due to the furniture and other such occupants of the room. They then combined mathematical model with statistical methods to implement a learning-based control which can learn and compensate for the heat as and when it changes. Chen et al. (2012) discussed how to fairly allocate power to air conditioners on a smart grid. In this, all residents are allowed to request temperature that they want to obtain. Depending on the total demand and supply, electricity is distributed to households in a fair manner. Iterative water filling algorithm is used to distribute power. Oldewurtel et al. (2012) investigated significance of weather predictions and model predictive control (MPC) to increase the energy efficiency in room automation. Apart from energy efficiency, comfort of occupant is also to be taken care of. They conclude that MPC has large potential in terms of energy efficiency when compared with other techniques like deterministic MPC and stochastic MPC.
Home energy management system
To enable DR program in smart grid, every home has HEMS as shown in Figure 1 . HEMS is a network in which a number of electricity consuming devices are connected. Central part of such a system is a controller at which all algorithms of energy management runs (Zhang et al., 2014) . All consumer devices and smart meter communicate with controller over home area network (HAN). Setting parameters and configuring the system are also done at controller. Source: Zhang et al. (2014) All devices are able to exchange information and energy in both directions using smart meter. Smart meter acts as an interface between HEMS and smart grid (Mathavi et al., 2012) . Smart meter provides user with varying electricity prices for the day as published by utilities.
HEMS controls the consumption of electricity so that it cost least while keeping the user at ease. This is achieved using values of temperature, electricity price and temperature comfort level of user. Main idea is that HEMS uses more electricity to pre-cool when prices are low so that when electricity prices hike, there is less need.
Techniques to solve multi objective optimisation problems
There are a number of techniques to solve multi-objective optimisation problems. A brief overview is given below:
The scalarisation technique (weighted sum technique): In this technique, multiple
objectives are combined into one single-objective scalar function and then that function is optimised (Caramia and Dell'Olmo, 2008) .
2 ε-constraints method: In this technique, decision maker chooses one objective out of n to be minimised; the remaining objectives are constrained to be less than or equal to given target value.
3 Goal programming: It does not pose the question of maximising multiple objectives, but rather it attempts to find specific goal values of these objectives.
4 Multi-level programming: In this technique, n objectives are optimised according to a hierarchy. Firstly, the minimisers of the first objective function are found; secondly, the minimisers of the second most important objective are searched for, and so forth until all the objective function have been optimised on successively smaller sets.
Proposed algorithm
Optimisation-based on particle swarm optimisation (PSO)-based has been shown to be an efficient, robust and simple (Huang et al., 2007) . The proposed multi-objective optimal control algorithm for HVAC that simultaneously optimises electricity cost indicator and comfort level indicator is described as follows:
Step 1 Get electricity price
, , ,
where n is the number of time frames in which a day is divided. Let n = 24. That is, one frame for each hour. It will mean that electricity price will vary each hour depending upon demand and supply.
Step 2 Get temperature value
Step 3 Set the values of T max , T min and T Desired .
Step 4 Define two functions for cost and unease Step 5 Solve the multi-objective scheduling model using the MOPSO algorithm. Algorithms that depend on weight factor are efficient. That is why multi-objective evolutionary algorithms are used for the purpose. PSO is used for its simplicity, global search abilities and robustness.
Flowchart of MOPSO algorithm used is shown in next pages.
Step 6 Generate a set of Pareto optimal solutions.
Step 7 Select the best compromise solution from the Pareto optimal solution set using the multi-objective decision method.
Calculation of constant for unease function F 2
Calculating how much energy is used to reduce temperature of room by 1degree is very important so that actual amount of consumption of electricity and its cost can be computed. According to heat dynamics, energy consumed is calculated as:
where C p specific heat of air m mass of air ΔT change in temperature.
Further, mass of air is dependent on area of room and its height. It is calculated as 
Input data
Time T = 1day (i.e., 24 hours), τ = 1 h and n = 24. The electricity price used is shown in Figure 3 . Temperature is shown in Figure 4 . 
Result and analysis
After execution of the MOPSO algorithm, a Pareto front was obtained using the given parameter setting and input data. Pareto front is shown in Figure 5 . The best compromise solution was selected from the Pareto optimal solution set by multi-objective decision. The overall electricity usage, overall electricity cost indicator and comfort level indicator are listed in Table 1 . For comparison, the simulation results of traditional constant temperature mode (i.e., the HVAC control mode used in conventional grid, which keep the indoor temperature constant and does not consider the electricity price) are listed in Table 1 .
Table 1
Result of different control modes
Control mode Cost of electricity per day Unease
Constant temperature mode 122 0
Multi-objective optimal control mode 72.34 5.11
As shown in Table 1 , compared with those of the traditional constant temperature control mode, the electricity consumption and electricity cost of the multi-objective optimal control mode are reduced. The reason is that when control HVAC, the multi-objective optimal algorithm considered the electricity price, increases the electricity consumption of low price period to pre-cool house, and reduces the electricity consumption of high price period using the house's energy reservation capability. However, the comfort level of the multi-objective optimal mode is decreased. Given the achievement of electricity cost reduction, this sacrifice is worth it.
Conclusions
This paper describes HEMS in smart grid environment. It considers two functions to quantify cost and unease of user. Further, it proposes an algorithm for multi-objective optimisation in this framework. Algorithm is based on MOPSO. This algorithm minimises electricity cost while minimising unease level of user. Thus, algorithm is a good method to implement DR in residential sector in smart grid framework.
